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Résumé : Les membranes des chloroplastes, siège de la photosynthèse, sont très riches en acides 

gras tri-insaturés. La proportion de ces acides gras dans les membranes végétales peut être modifiée 

lors de changements de température. Pour cette raison, il a été postulé que ces acides gras sont 

impliqués dans les mécanismes de résistance à la chaleur ou au froid des fonctions membranaires, en 

particulier de la photosynthèse qui est une des fonctions de la cellule les plus sensibles à la 

température. Afin de tester cette hypothèse, nous avons obtenu un triple mutant d'Arabidopsis qui 

ne contient pas d'acides gras tri-insaturés et mesuré les effets de la température sur cette lignée. 

Nous montrons que les acides gras tri-insaturés ne sont pas nécessaires pour la croissance et la 

photosynthèse dans des conditions normales de température et de lumière. En revanche, ils sont 

importants pour assurer la biogenèse et le maintien des chloroplastes de plantes cultivées à 4 °C, ou 

pour la survie de la plante cultivée à 33 °C. La présence de seulement un tiers de ces acides gras est 

suffisante au maintien d'une croissance et d'une photosynthèse normale si la plante est transférée à 

une température en dessus ou au-dessous de la normale. 
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Summary : The biophysical reactions of light harvesting and electron transport during photosynthesis 

take place in a uniquely constructed bilayer, the thylakoid. In all photosynthetic eukaryotes, the 

complement of atypical glycerolipid molecules that form the foundation of this membrane are 

characterised by sugar head-groups and a very high level of unsaturation in the fatty acids that 

occupy the central portion of the thylakoid bilayer. alpha-linolenic (18:3) or a combination of 18:3 

and hexadecatrienoic (16:3) acids typically account for approximately two-thirds of all thylakoid 

membrane fatty acids and over 90% of the fatty acids of monogalactosyl diacylglycerol, the major 

thylakoid lipid [1, 2]. The occurrence of trienoic fatty acids as a major component of the thylakoid 

membrane is especially remarkable since these fatty acids form highly reactive targets for active 

oxygen species and free radicals, which are often the by-products of oxygenic photosynthesis. 

Photosynthesis is one of the most temperature-sensitive functions of plant [3, 4]. There remains a 

widespread belief that these trienoic fatty acids might have some crucial role in plants to be of such 

universal occurrence, especially in photosynthesis tolerance of temperature [5]. 
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ARTICLE 

Do plants adapt to temperature by changing the fatty acid composition of their membrane lipids? 

In some desert and evergreen plants, the proportion of trienoic fatty acids in the membrane 

glycerolipids decreases when plants acclimate to high temperatures [6]. Conversely, cold acclimation 

in higher plants induces increases in trienoic fatty acid level in leaves [7]. These fatty acid content 

changes have also been shown to be associated with enhanced chilling or heat tolerance in mutants 

of Arabidopsis or cyanobacteria [review in: 8-11] and in transformed tobacco plants [12, 13]. For 

instance, tobacco plants over-expressing the chloroplast ôméga-3 fatty acid desaturase (FAD7) 

isolated from Arabidopsis contained increased level of 16:3 and 18:3 fatty acids and acquired 

significant degree of chilling tolerance [12, 13]. In cyanobacteria mutants, photosynthesis and growth 

are affected by low temperature only when dienoic fatty acids as well as trienoic fatty acids are 

eliminated from organisms [14]. Additionally, Murakami et al. [15] recently obtained transgenic 

tobacco plants in which the gene encoding the chloroplast ôméga-3 fatty acid desaturase (FAD7) was 

silenced. This tobacco transformant contained reduced level of trienoic fatty acids. Mutant 

photosynthesis activity was higher after brief high temperature treatments and mutant plants 

adapted better to high temperature compared to the non-transformed wild type tobacco. These 

observations led to the proposal that plants may adapt to temperature changes by altering the fatty 

acid composition of their membrane lipids.  

A triple mutant of Arabidopsis contains no detectable trienoic fatty acid in leaf lipids 

Until recently, it has been difficult to study the role of these fatty acids in higher plants because 

changes in the trienoic fatty acid content obtained either by chemical treatments [16], mutations 

[10] or transformations [12, 13, 15] were only limited. In fact, there are two distinct pathways in 

plant cells for the biosynthesis of glycerolipids and the associated production of polyunsaturated 

fatty acids [17]. Both pathways are initiated by the synthesis of a 16:0-acyl carrier protein (ACP) in 

the plastid by the fatty acid synthase. This 16:0-ACP may be elongated to 18:0-ACP and then 

desaturated to 18:1-ACP by a soluble desaturase so that 16:0-ACP and 18:1-ACP are the primary 

products of plastid fatty acid synthesis. These products are either used directly in the prokaryotic 

pathway located in the chloroplast inner envelope for the synthesis of the glycerolipid components 

of the chloroplast membranes or exported from the chloroplast as CoA thioesters and incorporated 

into phosphatidylcholine and other lipids in the endoplasmic reticulum by the eukaryotic pathway. In 

addition, the diacylglycerol moiety of phosphatidylcholine can be returned to the chloroplast 

envelope and used as a second source of precursors for the synthesis of chloroplast glycerolipids. In 

each pathway, further desaturation of 16:0 and 18:1 occurs only after these fatty acids have been 

incorporated into the major membrane lipids. In Arabidopsis, three gene products, FAD3, FAD7, and 

FAD8, mediate the synthesis of trienoic fatty acids from 18:2 and 16:2. The FAD3 gene product is an 

endoplasmic reticulum desaturase. The FAD7 and FAD8 genes encode two chloroplast isozymes that 

recognise as a substrate either 18:2 or 16:2 attached to any of the chloroplast lipids. A mutation in 

one of these three genes results in no more than a partial reduction of the trienoic fatty acid content. 

On its own, the fad3 mutation reduces the desaturation level of the thylakoid galactolipids only 

marginally. The fad7 mutation results in a temperature-dependent reduction in the 18:3 and 16:3 

content in thylakoid-specific leaf lipids [18], whereas the fatty acid composition of fad8 is 

indistinguishable from wild type [19].  



To obtain a more pronounced alteration in the trienoic fatty acid content, it has been necessary to 

generate multiple mutant lines [20]. A triple mutant line of Arabidopsis, fad3-2 fad7-2 fad8, has been 

produced that is completely deficient in 18:3 and 16:3 fatty acids either in the thylakoid or any other 

membrane of the cell (Figure 1).  

Trienoic fatty acids are dispensable for growth and photosynthesis at normal temperatures and 

modest light levels 

To assess the similarities between wild-type and fad3-2 fad7-2 fad8 plants and to lay the basis for 

investigating growth and photosynthesis of plants at low and high temperatures, we first measured 

some biochemical and physiological parameters. The fad3-2 fad7-2 fad8 mutant remarkably has 

morphological, growth, and developmental characteristics similar to those of wild-type Arabidopsis 

for most of its life cycle when plants are grown at 25°C. The developing rosette plants were 

phenotypically similar to the wild type [20]. Metabolic processes, and in particular photosynthesis, 

did not appear significantly changed (Table 1). The fad3-2 fad7-2 fad8 plants exhibited slight 

chlorosis due to a 19% decrease in chlorophyll per unit of fresh weight. The chlorophyll a/b ratio was 

3.13 for wild type and 3.49 for the fad3-2 fad7-2 fad8. There was no significant difference in either 

the membrane lipid content (measured as fatty acids per gram fresh weight) or the protein content 

of mutant leaves compared with the wild type. Several parameters calculated from chlorophyll a 

fluorescence have proven useful in comparing the photosynthetic capabilities of plants. In particular, 

Fv/Fm is an estimate of the maximal quantum yield of PSII photochemistry in dark-adapted leaves 

[21]. This parameter describes the efficiency of the electron transfer within PSII. PHIII is the quantum 

yield of linear electron transfer [22] measured at steady state under ambient light levels. This 

parameter measures PSII quantum yield but reflects the efficiency of the whole photosynthetic 

process because PSII is coupled to downstream processes (including PSI and CO2 assimilation) in the 

light. At 25°C, there were no major differences between the wild type and fad3-2 fad7-2 fad8 mutant 

in either of these fluorescence parameters (Table 1). At 22°C, the CO2 and light-saturated rates of CO2 

fixation by wild-type and mutant plants were indistinguishable at 32.1±1.9 and 32.6±2.1 mumol CO2 

m- 2s- 1, respectively (M.E. Poulson, J.-M. Routaboul, G.E. Edwards, J. Browse, unpublished data). 

Whole-chain, PSII or PSI-dependent oxygen evolutions in isolated thylakoids were also identical in 

both wild type and mutant (Table 1). Taken as a whole, these data demonstrate that trienoic fatty 

acids are substantially dispensable for growth and photosynthesis at normal temperatures and 

modest light levels.  

Trienoic fatty acids are required to maintain chloroplast function at low temperature 

To compare the in vivo behaviour of the wild-type and fad3-2 fad7-2 fad8 photosynthetic 

membranes at low temperatures, we recorded the fluorescence characteristics of detached leaves 

during short exposure to a range of temperatures from 25°C to 5°C. Typically, the values of both 

Fv/Fm and PHIII are decreased when the temperature is lowered. The more rapid decline of PHIII 

compared with Fv/Fm shows that plant leaves exposed to below-normal temperatures exhibited a 

progressive decrease in their photosynthetic electron transfer capabilities. When the electron 

transfer is limited, the photosystem components become more completely reduced and PHIII 

declines. In the fad3-2 fad7-2 fad8 mutant, this cold response was qualitatively similar but 

quantitatively stronger, compared to the wild type [23]. For instance, 1.5 hr at 5°C caused a 46% 

inhibition of PHIII in mutant (compared to the same measurement at 25°C), whereas the same 



temperature treatment induced a more limited inhibition (39%) in the wild type. Although this 

differential effect of low temperature on PHIII of the mutant was consistently reproducible in several 

series of experiments, it was not possible to demonstrate a consistent difference in CO2 gas exchange 

rates between wild-type and fad3-2 fad7-2 fad8 plants measured at 10°C (M.E Poulson, J.-M. 

Routaboul, G.E. Edwards and J. Browse, unpublished results). Thylakoid preparations from wild-type 

and mutant plants assayed for whole chain electron transport at 10°C also failed to demonstrate a 

significant effect (J.-M. Routaboul and J. Browse, unpublished results). Both techniques are relatively 

insensitive at low temperatures but together with the data from fluorescence analysis, they 

demonstrate that temperatures as low as 5°C have only subtle effects on photosynthetic processes 

of the mutant relative to wild type.  

Although low temperatures had little effect on photosynthesis of fad3-2 fad7-2 fad8 plants in the 

short term, prolonged incubation of mutant plants at 4°C revealed a very different mutant 

phenotype [23]. After as little as 10 days at 4°C, newly developed leaf tissue of mutant plants 

exhibited chlorosis, which was not evident in wild-type controls. The degree and extent of chlorosis 

became progressively more pronounced in mutant plants as the low-temperature treatment 

continued. After 30 days at 4°C most leaves on the mutant plants were pale green and the plants 

were noticeably smaller than wild-type controls. Measurements of chlorophyll content showed that 

both mutant and wild-type plants lost chlorophyll at the beginning of the 4°C treatment so that 

plants of both genotypes contained 30% less chlorophyll after 10 days. After this initial loss, the 

chlorophyll content of the wild type increased again while the chlorophyll content of the mutant 

continued to decline throughout the cold treatment. Measurements of Fv/Fm and PHIII on leaves 

sampled from 4°C-grown plants and assayed at 25°C showed that the chlorophyll loss was 

accompanied by a decline in photosynthetic efficiency (Figure 2). In particular, PHIII fell steadily 

throughout the experiment to reach 53% of the starting value after 30 days. By contrast, Fv/Fm 

showed relatively little change during the first 5 to 10 days at 4°C and had declined by less than 25% 

by 30 days.  

These changes in photosynthetic performance and chlorophyll content were accompanied by 

extensive changes in chloroplast ultrastructure in the mutant. Before transfer to low temperature, 

the thylakoid structure and organisation of mutant chloroplasts were substantially similar to wild 

type. Wild-type chloroplasts retained this structure even after 30 days at 4°C. However, the same 

treatment resulted in extensive loss of thylakoids from fad3-2 fad7-2 fad8 chloroplasts and a marked 

reduction in stacked membranes [23].  

Despite their chlorotic appearance and altered chloroplast ultrastructure, fad3-2 fad7-2 fad8 plants, 

after 30 days at 4°C, retained a substantial capacity for recovery. Four days after being returned to 

22°C, mutant plants had chlorophyll contents that were 75% of pre-treatment values and more than 

90% of wild-type controls [23]. We have successfully maintained mutant plants for three months at 

4°C. At the end of this time, the fresh-weight of the mutants averaged less than 35% of that of wild-

type controls.  

The fad7-1 allele contains a leaky mutation that, on the basis of leaf fatty acid composition, retains a 

small amount of the FAD7 desaturase activity [19]. The availability of this allele has allowed us to 

produce plants with very low levels of 16:3 and 18:3 fatty acids [20]. When a collection of these 

plants and other mutants were incubated at 4°C for 30 days, there was a clear correlation between 



the severity of chlorosis and the proportion of 16:3 plus 18:3 fatty acids in leaves of the different 

plants. When leaves were detached, warmed to 25°C, and subjected to fluorescence analysis, this 

correlation was extended to both PHIII and Fv/Fm measurements [23]. Our data suggest that PHIII (as 

well as the visual appearance of plants growing at 4°C) can be maintained at wild-type levels by 15 to 

20% trienoic fatty acids in the leaf membranes even though leaves of wild-type plants contain more 

than 60% of these fatty acids.  

Trienoic fatty acids are required for plant survival at high temperature 

Temperatures higher than 35°C inhibit photosynthesis [4] even though light has been shown to 

protect photosynthesis from heat [24-26]. To assess the effects of high temperatures and light on the 

photosynthetic machinery, we incubated detached leaves from wild type and triple mutant fad3-2 

fad7-2 fad8 Arabidopsis at 40°C. Then, the quantum efficiency of photosynthesis was monitored 

either in the dark, by measuring the fluorescence parameter Fv/Fm, or in the light by measuring PHIII 

under physiological light levels (PFD of 100 mumol quanta m- 2 s- 1). Figure 3 shows that both wild 

type and fad3-2 fad7-2 fad8 mutant photosynthetic capabilities significantly diminished when leaves 

were incubated at 40°C in the dark. However, the mutant PSII tolerated high temperatures better 

than the wild type. To obtain a 50% decrease in Fv/Fm, it was necessary to heat wild-type leaves at 

40°C for only 15 min whereas leaves from the mutant only reached this level after 40 min of heat 

treatment. Similarly, PSII-dependent oxygen evolutions in isolated thylakoids were also higher in 

mutant compared to wild-type after brief exposure to high temperature in the dark (result not 

shown). However, extended incubation at 40°C in the light (which is a condition likely to occur during 

heat stress) did not reduce PHIII below 90% of the starting value in leaves of either the wild type or 

the mutant.  

Notwithstanding these observations, acclimation of plants to 33°C resulted in differences in the 

appearance of plants and their relative growth measured as the fresh weight of aerial plants (Figure 

4). The relative growth was lower in mutant plants than in wild-type controls after only three days of 

treatment. After 8 days, mutant plants stopped growing, leaves began to wilt and to dry. The plant 

ultimately died after 15 days. Our initial experiments indicate that the absence of trienoic fatty acids 

stabilizes PSII against heat treatment applied in the dark. In order to determine whether these 

observations are related in acclimated plants, we randomly harvested leaves during growth at 33°C, 

cooled them to 25°C for 1 hr in the dark and then determined Fv/Fm (the same result were obtained 

measuring PHIII). At this temperature, wild-type controls photosynthetic efficiency was not affected 

whereas the quantum yield of PSII electron transport of triple mutant was at first slightly inhibited 

from 6 to 9 days but decreased thereafter to reach 34 and 11% of the initial value after respectively 

11 and 13 days at 33°C. Thus, the fatty acid deficiency did not improve the photosynthetic 

capabilities of mutant plants transferred to high temperature and was critical for plant growth.  

To exclude the possibility that the triple mutant line coincidentally contained an additional mutation 

(at a locus other than the fad loci) that would be responsible for this phenotype, we also examined 

the single mutants fad3-2, fad7-2, fad8 and the double mutant fad7-2fad8 after transfer at 33°C. 

After 15 days, only the triple mutant plants died. The growth of fad3 appeared to be slightly reduced 

compared to fad7-2, fad8 and a few fad3-2 plants may eventually died at the end of the 15-day 

period. The double mutant fad7-2fad8 grew slightly better than wild-type plants. 

 These observations indicate that it is the biochemical defect in polyunsaturated lipid synthesis that is 



the cause of the high temperature phenotype reported here. The fad7-2fad8 mutant lacks only the 

chloroplast-localised ôméga-3 desaturases and contains about 17% linolenic acid (18:3). Thus, 

linolenic acid would seem to be essential for the establishment of plant resistance to high 

temperature.  

CONCLUSION 

A surprising finding during the initial isolation and characterisation of the fad3-2 fad7-2 fad8 line was 

that triple mutant plants lacking trienoic fatty acids were indistinguishable from wild type in 

vegetative growth and development at 22°C [20]. The more detailed analyses reported here of the 

fluorescence and electron transport characteristics of mutant plants confirm that 18:3 and 16:3 fatty 

acids are essentially dispensable for photosynthetic processes at 25°C under our growth and 

measurement conditions. Similarly, direct effects of short temperature treatments on mutant 

photosynthesis seem to be limited.  

In contrast, trienoic fatty acids appear to be essential for growth at temperature under or below 

normal. They are important to ensure the correct biogenesis and maintenance of chloroplasts during 

growth of plants at 4°C and are critical for plant growth at 33°C. Low and high temperature-grown 

plants show a distinct pattern of symptoms. For this reason, we believe that different mechanisms of 

low or high temperature damages are operating in the mutant, even though they all depend of a 

common trienoic fatty acid change. It has been suggested that the fatty acid changes primarily affect 

processes in chloroplast biogenesis because tissue that had developed at 22°C before transfer to low 

temperature did not become chlorotic or show changes in chloroplast ultrastructure [27, 28]. In 

principle, a partial defect in transport of proteins through the chloroplast envelope, or into or 

through the thylakoid membrane, could explain such a phenotype. During chloroplast biogenesis, 

when protein transport is maximal, even a partial defect could have severe consequences. Transport 

processes remain important for maintenance of the mature chloroplast, but the quantitatively lower 

demands on the transport machinery might be met despite the defect. Under such a scenario, a 

more severe defect would produce large effects on new tissue and also begin to compromise 

maintenance processes in the mature chloroplasts of older tissue. Moreover, we found that 

photosynthetic capabilities and growth rate decreased concomitantly in the triple mutant during 

growth at above normal temperature. Thus, mutant plant survival at high temperature may be 

related to the thermotolerance capabilities of photosynthesis. However, we cannot rule out that 

other biochemical factors associated with the thylakoid membranes are responsible for the death of 

triple mutant plants grown at high temperature. On this line, linolenic acid is a precursor of jasmonic 

acid that is involved in many plant responses [29, 30].  

The nature of the effects seems also to depend on a specific species that is deficient rather than 

through the mediation of global changes in membrane fluidity or integrity in the mutant. 

Approximately one-third of trienoic fatty acids is sufficient to maintain normal photosynthetic 

function and growth at either lower or higher than normal temperatures.  

The triple mutant fad3-2 fad7-2 fad8 allow us to show that the relationship between trienoic fatty 

acids and temperature tolerance in plants is more complex that originally thought and most probably 

involved different and specific mechanisms. A better understanding of such a relationship is a 

prerequisite for engineering plants with better tolerance of temperature.  
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